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The effect of In doping concentration on the optical band gap of nano-SnO2 is investigated as a
function of calcination temperature. Changes in the band gap explain the room temperature H2 gas
sensing of doped nano-SnO2. The band gap was found to be lower than those reported for SnO2
共3.6 eV兲 from 2.55 to 3.43 eV and may be explained by the presence of nonequilibrium oxygen
vacancies in the oxide lattice and band bending effects at the nanoscale. © 2007 American Institute
of Physics. 关DOI: 10.1063/1.2746407兴
Nanocrystalline SnO2 is an important transparent material due to its potential use in many applications, including
gas sensors. Doping of the SnO2 system has been a point of
interest due to the ability to tailor its electrical and microstructural properties.1–6 In the area of sensors and other electronic applications, tailoring of the electronic structure in
nanocrystalline materials has become pivotal.7–9
SnO2 is a wide band gap semiconductor with a band gap
at 3.6 eV and higher at 300 K.10–15 The space charge layer
control of nanostructures, including nano-SnO2, makes them
particularly interesting since conduction can change drastically with expansion and contraction of the layer in the presence of different gases.16,17 The energy required for electrons
or other charged species from adsorbed gas molecules to
conduct through the material can be greatly impacted by the
magnitude of the band gap and whether or not any energy
level exists within the forbidden gap. This letter will focus
on changes in the direct optical band gap of nano-SnO2
doped with trivalent In substitution that deviate from what is
largely reported.
Indium doped SnO2 was prepared using a sol-gel
method.17 A sol of tin isopropoxide in isopropanol
共72 vol % 兲 and toluene 共18 vol % 兲 and indium isopropoxide
was prepared. A polymer, hydroxypropyl cellulose, was
added to control the grain size during the gelling reaction.
The gel is dried at 150 ° C for 1 h in air. Powders were then
calcined at 500, 600, 800, and 1000 ° C for 1 h in air. The
subsequent drying and pyrolysis treatments of the coated
polymer nanostructures then result in the decomposition of
the polymer structure, leaving behind In– SnO2 nanocrystallites. The following are the sol-gel reactions during the drying and pyrolysis procedures:17
共1兲 Sn共OC3H7兲4 + 4H2O → In– Sn共OH兲4 + 4C3H7OH
25 ° C兲,
a兲
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共at

共2兲 Sn共OH兲4 → SnO2共amorphous兲 + 2H2O 共at 150 ° C兲, and
共3兲 SnO2共amorphous兲 → SnO2 共crystalline兲 共at 400 ° C兲.
Structural verification of the SnO2 rutile 共cassiterite兲
structure by x-ray diffraction and high-resolution transmission electron microscopy 共Fig. 1兲 is published elsewhere.18
Ultraviolet-visible 共UV-Vis兲 measurements were carried out
on a Cary 1 UV-Vis spectrophotometer from Varian, Inc.
Doped SnO2 nanocrystalline powders were compressed and
scanned in the range of 200 to 800 nm using a Labsphere
integrating sphere.
The size of the In– SnO2 nanoparticles based on calcination temperature and amount of In doping is shown in Table
I. It is observed that the particles retain their nanocrystalline
nature even at the higher calcination temperatures. It is also
worth noting that the size of nanocrystalline In– SnO2 at the
lower calcination temperatures is nearly independent of the
amount of doping.
For crystalline SnO2, optical transitions have been
shown to be direct.19 The variation in the absorption coefficient as a function of photon energy for allowed direct transitions is given by

␣ = A共h − Eg兲1/2 ,

共1兲

where ␣ is the absorption coefficient, A is a constant, h is
Planck’s constant,  is the frequency, and Eg is the band gap
energy. The absorption coefficient ␣ is obtained from Beer’s
law,
I = I0 exp共− ␣x兲.

共2兲

In the above equation, x is the thickness of the measured
sample. A plot of ␣2 versus photon energy was used to obtain
the value of the direct band gap by extrapolating the linear
portion of the curves to zero absorption.
The overall values obtained for all dopings and calcination temperatures are lower than the reported values for
SnO2, usually reported around 3.6 eV. Plots, to obtain band
gap values for 1% In doped samples, are shown in Fig. 2共a兲.
The highest band gap value was obtained for the sample
calcined at 500 ° C at 3.1 eV. The band gap values decreased
until a calcination temperature of 1000 ° C, where it slightly
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FIG. 1. 共Color online兲 共a兲 High-resolution transmission electron microscopy
of 6.5% In– SnO2 and 共b兲 band gap changes as a function of calcination
temperature for In– SnO2.

increased from the 800 ° C sample, 2.52– 2.65 eV. For the
3% doped samples 关Fig. 2共b兲兴 the same trend is followed as
that of the 1% doped samples. The highest value for the 3%
samples is for the one calcined at 500 ° C with a value of
3.05 eV. The values again decrease until a calcination temperature of 1000 ° C, where the value slightly increases to
2.5 eV. For the 6.5% doped samples, a similar trend is noted,
with a decrease in the band gap values with increasing calcination temperature until 1000 ° C, where the value increases 关Fig. 2共c兲兴. Unlike the 1% and 3% doped samples,
the highest value of the band gap is obtained at a calcination
temperature of 1000 ° C at 3.43 eV. For the 9% doped
samples, the trend is different from the other dopings
关Fig. 2共d兲兴. Between 500 and 600 ° C, the band gap decreases
共from
3.14 to 2.62 eV兲
but
then
increases
at
800 ° C to 3.16 eV. At 1000 ° C the band gap decreases.
In the case of In doped samples, the band gap drops with
initial increase in doping amount 共1%–3%兲 and then increases at 6.5% 关Fig. 1共b兲兴. A similar trend was reported in
Co doped SnO2.20
Full doping of SnO2 with indium will lead to substitution of In3+ onto a Sn4+ site and the creation of oxygen vacancies to retain charge neutrality within the cassiterite structure. In the Kroger-Vink notation, charge modification upon
doping occurs as
1
00
+ 2e− ,
Ox0 → O2共g兲 + VO
2

共3兲

00
x
x
2In3+ + 2SnSn
+ OO
→ 2InSn + VO
+ Snsurface .

共4兲

For 1% and 3% dopings, if complete doping were to occur, a
large amount of oxygen vacancies would be created in the
lattice. The thermodynamic solution limit for indium in the
SnO2 system has been reported to occur around 3%.21 This
lowering of the band gap gives an indication of the stoichiometric deviation 共and degeneracy兲 of the doped SnO2 and the
increase in oxygen vacancies within the lattice. It has been
TABLE I. Variation in crystallite size of indium doped SnO2 共±5% error兲.
Crystallite sizes 共nm兲
Calcining
temperature 共°C兲

1% In

3% In

6.5% In

9% In

500
600
800
1000

4
5
8
13

4
5
8
14

3
4
6
19

3
4
10
23

FIG. 2. 共a兲 1% In– SnO2 samples calcined at 共1兲 500 ° C, Eg = 3.1 eV,
共2兲 600 ° C, Eg = 2.9 eV, 共3兲 800 ° C, Eg = 2.52 eV, and 共4兲 1000 ° C,
Eg = 2.65 eV; 共b兲 3% In– SnO2 samples calcined at 共1兲 500 ° C,
Eg = 3.05 eV, 共2兲 600 ° C, Eg = 2.74 eV, 共3兲 800 ° C, Eg = 2.55 eV, and 共4兲
1000 ° C, Eg = 2.5 eV; 共c兲 6.5% In– SnO2 samples calcined at 共1兲 500 ° C,
Eg = 3.1 eV, 共2兲 600 ° C, Eg = 3.04 eV, 共3兲 800 ° C, Eg = 2.75 eV, and 共4兲
1000 ° C, Eg = 3.43 eV; 共d兲 9% In– SnO2 samples calcined at 共1兲 500 ° C,
Eg = 3.14 eV, 共2兲 600 ° C, Eg = 2.62 eV, 共3兲 800 ° C, Eg = 3.16 eV, and 共4兲
1000 ° C, Eg = 2.95 eV.

previously shown that at low temperatures 共as low as room
temperature兲, a nonequilibrium amount of oxygen vacancies
are maintained.22 At room temperature, oxygen vacancy concentrations of 1023 / m3 have been observed.
In order for band bending of the conduction band to
occur towards the valence band in a semiconductor, a negative space charge must develop. This usually occurs by an
excess of electrons or negative charge. In order to develop
this negative charge with excess oxygen vacancies, surface
species must adsorb onto the surface of the material and
donate electrons. These donated electrons can then associate
themselves with positively charged oxygen vacancies. In
fact, it has been previously observed by the author’s group
that the major free carriers in sol-gel derived nanocrystalline
In– SnO2 are, in fact, monoionized oxygen vacancies.22 Due
to the fact that these nanoparticles are small and comparable
in size to their Debye length, the space charge region will
completely occupy the material and control the band
structure.23 At the nanoscale, this surface induced band bending then characterizes the band structure of the material.
Another explanation for the ability of a material to decrease its band gap energy is that the density of surface states
induced by chemisorbed oxygen species decreases with decreasing particle size, which would lead to a lesser degree of
Fermi pinning.24 This would allow the surface barrier to undergo larger changes and control the ability of charged species to move through the material. This decrease in density
of surface states is directly caused by the curvature of the
nanoparticles. It has been shown using scanning tunneling
spectroscopy for nanoparticles 共10 and 30 nm兲 that a surface
band gap of around 2.5 eV exists.24 It is likely that for the
In– SnO2 nanoparticles 共sizes ranging from 3 to 23 nm兲, a
combination of the decrease in the density of surface states
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and the large amount of oxygen vacancies retained in the
material explains the departure in the band gap values from
what has been reported.22 This also partially explains the
enhanced ability for nanocrystalline In– SnO2 to be used in
gas sensor applications at room temperature, since the potential barrier required for charge to move between grains is
now reduced with a lower band gap energy. Author’s group25
has recently shown that In doped SnO2 coated gas sensor at
room temperature has a response time of 20 s for 900 ppm of
H 2.
The question arises as to why the 6.5% and 9% samples
exhibited slightly different behaviors than the 1% and 3%
doped samples. First, both the 6.5% and 9% are above the
thermodynamically predicted indium doping amount in SnO2
of 3%.21 For the 6.5% In– SnO2 nanocrystalline samples, it
has been shown that using sol-gel techniques and at low
calcination temperatures, doping amounts above what is thermodynamically predicted can occur.18 From previous Fourier
transform infrared studies, it has been demonstrated that,
when exposed to H2 gas, the 6.5% samples do not respond to
H2 in the same manner that the 3% doped samples respond.18
In the case of 3% In– SnO2, surface species such as CO2 and
hydroxyl groups changed with regards to the magnitude of
their peaks after exposure to H2. Contrary, the 6.5%
In– SnO2 sample after exposure to hydrogen showed little
impact on these surface species. This indicates a difference
in the nature of the same adsorbed surface species on the
surface of these two different dopings of SnO2. Because of
this, surface effects such as band bending and surface density
of states would be different, and it would be expected that
these two materials would have different electronic behaviors at the nanoscale. This helps us to explain the enhanced
gas sensing behavior of 6.5% In doped SnO2 at low temperatures over other similar material systems. The 6.5% In doped
sample likely has the best trade-off between surface species
retained after synthesis and band bending effects.
As gas sensor applications move towards lower working
temperatures, knowledge of what can be utilized at the
nanoscale becomes very important. The ability to understand
the effect of doping and its impact on the surface of nanomaterials is paramount as the surface dominates many features at the nanoscale. For room temperature applications,
reduction of the activation energy required for the gas sensing reaction is just as important as the surface reaction. By
changing the band gap values, the energy barrier required for
species to move through the space charge region can be
modified making room temperature applications more of a
reality. This can have even wider implications as materials
science moves towards better understanding at the nanoscale,
fine tuning materials better to specific applications.

For nanocrystalline chemically synthesized In doped
SnO2, it has been shown that the optical band gap values for
direct transitions are much lower than the expected values
reported. The lowest value of the band gap was achieved in
the 3% doped sample calcined at 800 ° C, while the highest
value of the band gap was achieved in the 6.5% doped
sample calcined at 1000 ° C. Because of this reduction in
band gap, room temperature gas sensing is possible with a
reduction in the potential barrier required for charge movement in nanocrystalline 共3% and 6.5% doped兲 In– SnO2 calcined at 500 ° C, when exposed to a reducing gas.
The authors would like to thank NASA-Glenn 共FSEC:
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